This letter describes an experimental validation of a parametric model for the prediction of the fatigue lives of carbon-fibre composites. The constant-life model, which has been developed at Bath over a number of years, offers the possibility of predicting life for any CFRP laminate on the basis of a very limited amount of new data. It has now been tested against fatigue data from an independent laboratory for a laminate material and lay-up different from those on which the model was based. The level of accuracy of the predicted lives is high.
INTRODUCTION
Over a period of many years, a series of research programmes on the fatigue of fibre composites has been carried out at the University of Bath in collaboration with and funded by the former MoD/ DERA, now QinetiQ, Farnborough. The two main outcomes of this work have been the building up of an extensive database of fatigue data and the development of a parametric life-prediction model. This model, which is fully described in recent publications [1, 2, 3 ] , has been shown to be valid for a wide range of composite types, including carbonfibre-reinforced plastics with a variety of resin and fibre types, both in the virgin condition and after lowvelocity impact, and also for glass-fibre-reinforced plastics. The model offers the designer a means of making initial predictions of fatigue life on the basis of very little experimental data. First predictions can be made from a knowledge of only the tensile and compression strengths of the material, and these initial predictions can subsequently be refined as a relatively small collection of experimental data is built up.
Two objections have been made to the notion that a parametric model of this kind could ever be considered to be generally valid. The first is based on the premise that composites with different structures will fail by different combinations of microstructural failure events, so that a single model cannot fit all materials. The second is that a model developed in one laboratory on the basis of data only obtained in-house needs validating against data obtained independently. The first of these objections has been answered to some extent in a recent conference paper [4 ] : the second is answered in this paper, which describes a collaborative piece of work in which the material was produced at QinetiQ, the fatigue tests were carried out in Cambridge, and the analysis was done at Bath.
OUTLINE OF THE CONSTANT-LIFE MODEL
Full details of the model may be obtained from the first three references, and an outline only is given here. The analysis is based on the observation that when families of stress/life curves for a range of R ratios are cross-plotted to produce constant-life curves of the Goodman type, there appears, major differences in composite characteristics notwithstanding, to be a consistent bell-shaped form to these curves which can be described by a relationship between the alternating stress and the mean stress:
where a is the normalised alternating component of stress, s alt /s t , m is the normalised mean stress, given by s m /s t , and c is the normalised compression The parameter f mainly controls the height of the curve, and our most recent work suggests that it is a function of the ratio of the compression strength to the tensile strength (i.e. the parameter c in equation (1)), which is of the form:
where A and p are also functions of logN f .
Values of the exponents u and v are determined by the shapes of the two wings of the bell-shaped curve, u relating to the slope of the contour in the tensile mean stress zone and v the slope in the compressive mean stress zone. They are often quite similar in value, unless the constant-life curves are very asymmetric, and for a wide range of CFRP materials their values are close to 2, varying relatively slowly with logN f .
Thus, the parameters f, u and v of equation (1) and A and p of equation (2)effectively define the complete stress/R-ratio/life surface of the material. The variations of these parameters with logN f for a group of CFRP and GRP materials all having the same laminate lay-up of [(±45,0 2 ) 2 ] S were determined in earlier papers. They may now be used to predict the fatigue response of any other material for which little or no fatigue data have yet been obtained. This has been found to be a valid procedure even for laminates with quite different lay-ups. The variations of the fitting parameters for carbon-fibre composites, which can be obtained from our earlier publications, are:
2.1 Procedure for Life-prediction with the Constant-life Model If no information other than the values of the tensile and compression strengths is available for a given composite, a preliminary attempt can be made to predict stress/life curves on the basis of accumulated data for other composites. The variation of f as a function of life, logN f , is known from the material strength properties and equation (2), and for a first attempt at life prediction, the procedure is to solve the two simultaneous equations:
with insertion of the appropriate variations with logN f given in equation (3) . In equation (5), R is the fatigue stress ratio, defined as s min /s max , the ratio of the minimum to maximum stresses in the cycle. The solution is easily obtained by means of software such as MathSofts Mathcad which can be programmed to give the resulting relationship between a and logN f directly as the S/N curve of s max as a function of logN f . Predicted stress/life curves can be obtained for any required R ratio, but in order to avoid the singularity in solving equations (4) and (5) for the fully reversed loading condition it is necessary to use an R value of, say, R = 1.0001 instead of 1.0. This correction can be built into the Mathcad worksheet, and the slight falsification makes no significant difference to the calculated curve.
The next stage is to carry out two or three fatigue tests at two or three stresses and two or three R ratios ¾ perhaps fifteen tests in all ¾ from which revised estimates of the variations of u and v with logN f for the material under investigation can be
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obtained and the new constants inserted in the Mathcad worksheet. It has so far proved unnecessary to revise the parameters in the equation for f as a function of logN f but that could also be done if required. A revised set of predictions can then be made and comparison with the existing data will suggest whether further tests should be carried out and at what stresses and R ratios. This is the procedure that has been followed for the validation presented here.
EXPERIMENTAL DETAILS 3.1 Materials
The material used in the program was a composite system containing continuous, high-strength HTA carbon fibres in a 919HF epoxy-resin matrix. The company Cytec Fiberite supplied this in zero-bleed pre-preg form with a nominal fibre content of 55wt%. A single stacking sequence was used for all of the fatigue specimens, consisting of a quasi-isotropic layup [(±45,90,0) 2 ] s . The panels were autoclaved following the manufacturers specification and then C-scanned to check for any defects. The cured panels were cut into specimens with final dimensions 250 mm long by 20 mm wide, unwaisted. The final thickness of the specimens was nominally 2 mm without end tabs and 6mm with end tabs.
Mechanical Testing
Fatigue tests were carried out on an Instron servohydraulic test machine operating at 5 Hz, with a 100 kN load cell. Four R ratios have been tested, R = 0.1, +10, -0.3 and 3.3, and at each R ratio fatigue data were obtained at three stress levels, each test being repeated 5 times. For the tests with a compressive component in the loading cycle conventional anti-buckling guides were used [1 ] .
ANALYSIS
The first prediction was made on the basis of measured tensile and compression strengths only, all other data (effectively the constants in equation 3) were those derived from the work in references [1 -3] . The results are shown in Fig. 1a , from which it can be seen that all of the predicted S/N curves are slightly outside the experimental data, the greatest deviation probably being for R = 0.3. There is nevertheless a reasonable degree of agreement.
The second prediction was made after 19 test results were obtained at R values of 0.1 and 10 only. The correspondence, shown in Fig. 1b , is immediately improved to the extent that, after only a short fatiguetest programme, a designer could have considerable confidence in predictions for any other R ratio. The correspondence for R = 0.3 is improved, but is still less good than for the other three R ratios.
The final complete batch of test results were now available, but to try to improve on Fig. 1b , a selection was made of 20 test results which included a number at R = 0.3 but fewer at R = -0.1 and 10. The result, shown in Fig. 1c , is that the prediction for 0.3 is improved but that for R = 10 is rather worse, although all four curves actually pass through the relevant data points. Finally, the full data set was used to show the best possible degree of fit, and the improvement is shown in Figure 1d .
Indications of the goodness of fit were obtained by determining the standard deviations for the fit from the mean square deviations of the predicted stresses from the experimental values for each complete curve. Table 1 shows these standard deviations, together with the related mean percentage error. 
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The standard deviations are more meaningful, but the percentages are easier to grasp. Thus, we see that the initial deviations are in the range 10 to 20%, but that they fall very rapidly when even a relatively small database is available. We note that the percentage errors for the R = 3.33 predictions appear rather large, whereas the actual standard deviations are quite small, and this is because the actual peak stress levels against which the deviations are being normalised are also very low. The final level of agreement (i.e. .with predictions made from the full data base) offer only marginal improvements over those obtained from a mere 20 test results.
CONCLUDING REMARKS
A constant-life model for fatigue-life prediction for carbon-fibre-reinforced plastics has been validated by applying it to a new material, not previously tested in the laboratory where the prediction model was developed, of a lay-up not previously investigated.
The predictions made on the basis of little or no fatigue data are sufficiently accurate to permit the use of this model for composite design purposes, and the provision of only 20 or so test results allows a degree of fit of the model that easily falls within the normal levels of variability of fatigue test data.
We note that this validation exercise relates to prepreg-based carbon-fibre-reinforced plastics of one particular lay-up. We should like to emphasise, however, that the key equations 2 and 4 have already been shown to be valid [4] for a much wider range of composites, including CFRPs of a range of lay-ups (unidirectional as well as cross-plied and more complex layups), fabric-reinforced CFRPs, and GRP laminates, some of these both before and after damage by low-velocity impact. We agree that it seems curious that a single model could apply to such a wide range of materials in which the microstructural damage mechanisms must all be quite 
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different. We have no explanation for this, and in developing this life-prediction model we have found no evidence that any of the parameters of our model are in any simple way related to materials or structural variables [2, 3] .
